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Using the basic fundamentals of polarized light microscopy, a new and improved method 
for identifying synthetic fibers is presented in this thesis. Using the equation of an ellipse in 
spherical coordinates, an EXCEL™ (Microsoft Inc., Seattle, WA) spreadsheet was developed 
that generated tables of data that provide a foundation for a new and more efficient method in 
fiber analysis. Intermediate refractive index values for each subclass of textile fibers were 
calculated based on the fiber's principal refractive index values. The angles of refractive index 
matching to known refractive index fluids vary from 0 to 90 degrees upon rotation of the fiber in 
plain polarized light. Calculated angles were derived from the ellipse equation using spherical 
polar coordinates. If the mounting medium has an intermediate refractive index between the two 
principal refractive indices, there is a unique angle of rotation where the refractive index of the 
mounting medium will equal the refractive index of the fiber. Experimental validation was 
executed using a polarized light microscope. Examples are presented that demonstrate the utility 
of the combination of EXCEL™ and polarized light microscopy for improving the efficiency of 




 Man-made fibers were introduced into the public domain as early as 1884 with the 
discovery of rayon. Today, synthetic fibers are very common in the commercial textile fiber 
industry (Man-Made Fibers Continue to Grow, 2015). Synthetic fibers are common forensic 
evidence in violent crimes and have been primary evidence in many major criminal 
investigations. Fibers are very important forensic evidence because there are so many ways that 
fibers can be transferred (Grieve, 2000). 
 Fibers have a major piece of case history attached to it. It was involved in the Wayne 
Williams case. Wayne Williams was a serial killer who brought the victims into his house, killed 
them, and then dumped them in the Chattahoochee River in the Atlanta area. The same type of 
unique fibers, which were made by Wellman Corporation (the Nylon 6,6 itself was purchased 
from DuPont), were recovered from many victims, which led police to his house. The Nylon 6,6 
fibers from the carpet in his house were the same type of fiber as the fibers found on the victims. 
This is because the cross sectional shape and the color were the same. What made these fibers 
unique was their trilobal shape, but one of the lobes was shorter than the other two. A picture of 
this unique fiber is shown in Figure 1. This made the probability of finding the fibers elsewhere 
very small, which led to a conviction of Williams. The Wayne Williams case is very significant 





Figure 1. Photograph of a trilobal fiber from the Wayne Williams case. Used with permission 
from Skip Palenik. 
 
The current methods used in fiber analysis include measuring the principal refractive 
indices of synthetic fibers using a polarized light microscope (PLM) to employ the immersion 
method in conjunction with the Becke line (Metropolitan Police Forensic Science Laboratory, 
1978). It requires that the examiner put the fiber in a liquid of known refractive index and note 
the behavior of the Becke line. The Becke line method is a time-consuming process. It is used to 
determine if the mounting medium or the fiber has the higher refractive index. It will always 
move toward the higher refractive index when the stage is lowered. This allows the analyst to 
determine the refractive index difference between the fiber and the mounting medium will be 
based on the contrast. When the difference is zero, the Becke line disappears. It is not specific 
towards an exact refractive index value. 
There are additional risks to using the current method. The sample could easily be lost 
when the fiber is transferred between mounting media of different refractive indices. Not only 




 For example, PTT fibers were examined using a Leica DM 750P™ polarized light 
microscope and Cargille® liquids of refractive index of 1.566 and 1.626. When the liquid of 
refractive index = 1.626 was used, the refractive index of the liquid was found to be slightly 
greater than that of the PTT due to the Becke line being faint, as well as going toward the 
medium when the fiber was in the parallel position. In the perpendicular position, the refractive 
index of the liquid was found to be greater than that of the PTT. This was due to the Becke line 
being more visible. As for the liquid of refractive index = 1.566, the refractive index of the fiber 
was less than that of the fiber for the parallel position, and slightly less than that of the fiber in 
the perpendicular position. This shows that if one wanted to get the exact refractive index, this 
slightly less or slightly greater refractive index would require repeatedly changing the mounting 
medium numerous times.  
 The current method requires that a fiber be immersed in multiple different liquids to find 
a matching refractive index between the oil and the fiber. In particular, PET and PTT have 
different optical properties. They both have the same positive sign of elongation. A positive sign 
of elongation means that the birefringence is positive. The birefringence of a fiber is the 
difference between the refractive index of the fiber when the polarization direction is parallel to 
the fiber axis and the refractive index of the fiber when the polarization direction is 
perpendicular to the fiber axis (DeForest et. al, 2013, p. 214). It can be determined by doing the 
following:  
1) observe what interference color the fiber is under crossed polars  
2) determine the thickness of the fiber using a calibrated eyepiece micrometer  
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3) use a quartz wedge to determine how many orders it takes to bring the fiber to extinction, 
which is when the middle of the fiber turns black 
4) the birefringence is then determined by using the thickness and the retardation color under 
crossed polars on the Michel-Levy chart, as shown in Figure 2 below.  
 
Figure 2. The Michel Levy chart (Delly, 2003). Courtesy of Carl Zeiss. 
From a forensic perspective, to simply say that a fiber is, for example, polyester, is not 
enough information. It is important to establish the polymer identity for both known and 
questioned fibers. It is also important to establish that the evidence is fibrous PET as opposed to 
generic PET. The most common use of generic PET is to make plastic water bottles. (What is 
Polyester- Uses of Polyester, 2015). From 1980-2014, polyester fibers were the textile fibers 
with the most demand economically. Of all fibers, 73.4% of those fibers were polyester (Man-
Made Fibers Continue to Grow, 2015).  
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History of Synthetic Fibers in Forensic Science: 
Polyester: 
 Polyester was first discovered in 1941 by two British scientists, John Rex Whinfield and 
James Tennant Dixon They termed polyester "polyethylene terephthalate", or PET, which is still 
used today (Bellis, 2016a). Polyester was first recognized by the USPTO (United States Patent 
and Trademark Office) in 1942. This particular polyester, Patent 2,281,415, which was a mix of 
polyamide and polyester-forming reactants, was made by Donald Drake Coffman.  Coffman's 
invention was capable of producing fibers. Eventually, elastic polymers were able to be formed 
by linkages of esters and amides. These polymers would contain a diprimary glycol to permit this 
elasticity (Coffman, 1942). 
 After Du Pont obtained the rights to manufacture polyester in the United States, they 
started making a fiber which would become very popular in 1953. It is known as Dacron™ As 
Dacron became famous, Terylene™ was becoming very popular in England and other parts of 
Europe. Through the ICI (Imperial Chemical Industries), other names such as Terlenka™ and 
Tetron™ became popular in Europe too (Joseph, 1972, p. 105).  
 In 1946, DuPont, the current manufacturer of polyester, purchased the rights from 
Imperial Chemicals Industries to manufacture polyester (What is Polyester- History of Polyester, 
2015). DuPont has several different polyesters which include Dacron, which they invented in 
1950, Mylar, which they invented in 1952, and Triexta™. Triexta™ is a PTT used under the 
brand name Sorona™. Triexta™ is known to have properties that are characteristic of nylon as 
opposed to polyester, such as its durability and its dullness. Triexta™ used to be defined as 
polyester, but its final finish was different enough from polyester that in 2009, the United States 
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Federal Trade Commission recognized Triexta™ as a subclass of polyester. This is because PTT 
was deemed to be different enough from PET.  Triexta™ also has great stain resistance, it is very 
soft, and it is very environmentally friendly. What makes Triexta™ so beneficial is that it is 
made based on fermented corn glucose, which is much less expensive than petroleum, the 
product that the ingredients for PET are normally derived from. The downside of Triexta™ is 
that it has not been around for very long, so it is not easy to judge its performance (Simmons, 
2017). 
Nylon: 
 Wallace Crothers, who was the director of Du Pont, invented nylon in 1935. He was the 
director of his college's chemistry department as an undergraduate student because of how 
brilliant he was. When he became a professor at the University of Harvard, his research interests 
were the chemical structures of polymers. A very important synthetic silk was made by doing the 
following: mixing amine, hexamethylene, and adipic acid. This is a condensation reaction 
because water is a product (Bellis, 2016b). DuPont started producing nylon commercially in 
1939, and is the second most commonly produced fiber behind polyester (Fabric Link, 2017). 
Nylon 6,6 was introduced into the market before Nylon 6 was. In 1940, I.G. Farbenindustrie, a 
chemical company in Germany, produced Nylon 6 fibers. At the same time, they also invented 
various Nylon 6 and Nylon 6,6 copolymers as plastics (Matthies & Seydl, 1986). 
 The first patented nylon recognized by the USPTO happened in 1944 by Dwight L. 
Loughborough. This particular nylon, Patent 2,349,290, was aimed at improving the adhesive 
nature of rubber products. It was a very important invention because it was designed to improve 
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the stability of products such as tires. Basically, a structure made of fibers is first treated with an 
alcohol, and then a rubber material. Then, the mixture is dried. (Loughborough, 1944). 
Acrylic: 
 Orlon, a type of acrylic fiber, was invented by the company Du Pont in 1941. Their work 
on acrylic was derived from trying to improve their rayon products. While the original name of 
Orlon was "Fiber A", they used "Orlon" for their spun polyacrylonitrile fibers. However, Orlon 
was not selling very well until the mid 1950s. By the 1960s, when the sale of Orlon had 
skyrocketed, Du Pont came up with other forms of Orlon in order to keep up with the demands 
of the manufacturers. Du Pont then discontinued their sales of Orlon in 1990, and replaced their 
Orlon sales with sales of polyester, polyamide, and polypropylene (Kelly, Fellers, & Davidson, 
2015). 
Rayon: 
 Rayon was invented by the Swiss chemist Georges Audemars in 1855. Audemars 
discovered how to make nitrocellulose, which was made by the exposure of cellulose to a 
nitrating agent such as nitric acid. Later, in 1884, Count Hilaire de Chardonnet made the first 
man-made fibers from nitrocellulose, which would get him a patent. Because of his invention, 
other scientists would follow suit and come up with other ways to make rayon. In 1937, the 
Federal Trade Commission made a rule that any fibers that were made from cellulose had to be 
given the name "rayon". Due to confusion because of multiple different rayons being produced, 
the Federal Trade Commission ruled in 1952 that there would be two different subclasses of 
rayon: rayon fiber, which was pure cellulose, and acetate fiber, which was a rayon compound 
(The Manufacturing Process of Rayon, n.d.).  
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 Another scientist, J.W. Swan, made rayon filaments in 1883 that would prove very useful 
in making a filament in the first ever electric light bulb. He made a solution of cellulose nitrate in 
glacial acetic acid prior to removing the nitrate so that the product is not as flammable (Joseph, 
1972).  
Olefins: 
 Polyethylene was invented in 1933 by R.O. Gibson and E.W. Fawcett when they tested 
various chemicals which gave them a waxy substance. This would eventually become a patent 
which in 1936 would be registered by Imperial Chemical Industries. One year later, polyethylene 
would be used as a film. Polyethylene was also commonly used during World War II, when it 
was used for various military items, such as radar insulation. It helped tremendously because it 
did not weigh that much, so radar could be used on airplanes very easily (Hinsley, 2015). 
Polypropylene was invented later than the other synthetic fibers in 1954 by the Italian chemists 
Giulio Natta and Paolo Chini. They piggybacked off of the ideas of Karl Ziegler, who invented 
high density polyethylene. Polypropylene was first produced commercially in Italy in 1957. 
Ziegler and Natta would go on to receive the Nobel Peace Prize in 1963 for their works 
(Polypropylene- chemical compound, n.d.). 
 Currently, polypropylene, along with other vinyl polymers, come in three different forms: 
isotactic (the methyl groups are all on the same side of the chain), syndiotactic (the methyl 
groups are alternate sides of the chain), and atactic (the methyl groups are on both sides of the 





Properties of Textile Synthetic Fibers 
Polyester: 
 Polyester, according to the Textile Fiber Products Identification Act (TFPIA), is "a 
manufactured fiber in which the fiber-forming substance is any long-chain synthetic polymer 
composed of at least 85 percent by weight of a substituted aromatic carboxylic acid, including 
but not restricted to substituted terephthalic units…" (Joseph, 1972, p. 105).  
 The structures of polyethylene terephthalate and polytrimethylene terephthalate are 
shown in Figures 3 and 4, respectively:  
 
Figure 3. The structure of polyethylene terephthalate. 
 
Figure 4. The structure of polytrimethylene terephthalate. 
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 Polyester has several different cross-sectional shapes, which include round, trilobal, and 
T-shaped. They can come in many different lengths, diameters, and strengths. The strength 
varies due to how the polyester is formed. However, the strength of the polyester varies inversely 
with elongation. Strength is measured in grams per denier. A denier is a unit of measure of fibers 
that is grams per 9000 meters. Fibers that are weaker (that have a lower grams per denier) are 
used for clothing items, whereas fibers that are stronger are used for industrial applications. 
Other uses of polyester include fabrics, conveyor belts, and laundry bags. The elongation is not 
affected very much by its moisture absorption. Other important properties of polyester include its 
resistance to chemicals. It has good resistance to weak alkalies, weak acids (unless the polyester 
fibers are exposed for a long time), and most organic solvents (Joseph, 1972). 
 Polyethylene terephthalate (PET), which was invented in the mid-1940s (PET Resin 
Association, 2015) and polytrimethylene terephthalate (PTT), which was not commercialized 
until the 1960s, in general, are made from the necessary acid/terephthalate and dihydric alcohol, 
which are derived from petroleum (Polytrimethylene Terephthalate PTT, 2015). Currently, PET 
monomers are made in two different ways as follows: terephthalic acid is reacted with ethylene 
glycol in the presence of an acid. It yields two water molecules. This is known as a direct 
esterification reaction. The other mechanism involves terephthalic acid reacting with methanol in 
the presence of manganese (II) ethanoate. The resulting ester is then reacted with ethylene glycol 
to form PET while yielding methanol. This reaction is known as an ester interchange reaction. 
After the PET monomer is made, PET polymers are made by eliminating the ethylene glycol via 
a condensation reaction. (Polyester, 2013). 
 PTT monomers are made by mixing terephthalic acid with trimethylene glycol. The 
dialcohol does not come from petroleum, but rather it comes from fermented corn glucose. 
11 
 
Similar to the reaction of ethylene glycol with terephthalic acid in the synthesis of PET, this is an 
esterification reaction. PTT can also be made by a transesterification reaction of trimethylene 
glycol with dimethylene terephthalate. PTT is made in the presence of titanium butoxide and 
dibutyl tin oxide, which yield acrolien and allyl alcohol (Chan, Thomas, & Thomas, 2012). 
 An example of a process of manufacturing the PET or PTT is as follows: the mixture of 
terephthalic acid and either ethylene glycol or methanol is forced into a spinnerette. This process 
is known as melt spinning. The strands are melted by using a spinnerette, and the filaments that 
are on the fibers solidify. After the spinnerette is used, the polyester is drawn, which means that 
they are hot stretched to provide elongation, prior to compressing the strands and cutting them 
into specific lengths (Joseph, 1972). 
Spectral properties of 75% PTT and 25% PET vs 100% PTT: 
The spectra were collected using a Smiths Detection Identifier™ FTIR spectrometer with a 
diamond ATR accessory. The source used was a quartz halogen bulb. The parameters used were 
as follows: the resolution was 4 cm-1, and 64 scans were used per run. The following spectra of 


































Figure 5. Spectra of a brown fiber from a mixture of 75% PTT and 25% PET. The spectrum 








Figure 6. Spectra of a white fiber from a mixture of 75% PTT and 25% PET. The spectrum 








Figure 7. Spectra of a fiber from 100% PTT. The spectrum shows the peaks from 750 cm-1 to 
4000 cm-1 with the peaks labeled.  
The major absorption peaks observed for the spectrum of 100% PTT are at 723.3 cm-1 (aromatic 



























































similar major absorption peaks are observed for the brown fiber and white fiber from 75% PTT 
and 25% PET.  
 As shown in the spectra, the spectra from the 100% PTT more closely resembles that of 
the brown fiber of 75% PTT and 25% PET. This is because there are fewer peaks from 1000 cm-
1 to 1125 cm-1 for the white fiber as there are for the brown fiber. The additional peak within this 
region is due to PET having two methylene groups between the ester groups, whereas PTT has 
three methylene groups between the ester groups. Therefore, the white fiber has to be PET and 
the brown fiber has to be PTT.  
Nylon:  
 The TFPIA's definition of nylon is "a manufactured fiber in which the fiber-forming 
substance is a long-chain synthetic polyamide in which less than 85 percent of the amide 
linkages attach directly to two aromatic rings" (Joseph, 1972, p. 93). There are many different 
forms of nylon as follows: 
Nylon 6,6: 
 Nylon 6,6 is made from hexamethylenediamine and adipic acid. When they react, they 
form hexamethylenediamine adipamide while giving off a water molecule. During the process, 
once the water has been evaporated, the mixture of hexamethylenediamine and adipic acid go 
into an autoclave, where it gets exposed to a nitrogen atmosphere. It then goes through a chipper 
to form small flakes. It gets melt-spun after the flakes are formed. The polymer is then subjected 
to cool air, where the nylon fibers are formed. The fiber is then stretched and twisted in order to 
increase the strength (Joseph, 1972). 
14 
 
 The structure of Nylon 6,6 is shown in Figure 8 below: 
n 
Figure 8. The structure of Nylon 6,6, or hexamethylenediamine adipamide. 
Nylon 6: 
 Nylon 6 is made from a cyclic acid called caprolactam, which has the formula 
NH2(CH2)5COOH. Similar to Nylon 6,6, it goes to an autoclave where small flakes are formed. It 
is melt-spun after the flakes are formed. It is then subject to cool air where the nylon fibers are 
formed.  
The diameter of Nylon 6,6 and Nylon 6 can vary since it is a synthetic fiber. Nylon is 
known to have very good strength and resiliency. Not only that, whenever it is wet, it doesn't 
lose very much of its strength. Common uses of nylon include carpeting and home furnishings. 
Some disadvantages of Nylon 6 are as follows: it is very heat sensitive, meaning that it should 
not be exposed to high temperatures. It is more sensitive to heat than Nylon 6,6. It is not 
compatible with some chemicals. Exceptions include alkalies and some organic solvents (Joseph, 
1972).  




Figure 9. The structure of Nylon 6. 
Spectral Properties of Nylon 6 and Nylon 6,6: 
By using a Smiths Detection Identifier™ FTIR spectrometer with a diamond ATR accessory, 
spectra of Nylon 6 and Nylon 6,6 were collected. The resolution used was 4 cm-1, and 64 scans 









Figure 10. Spectra of a Nylon 6 fiber. The spectrum shows the peaks from 650 cm-1 to 4000 cm-1 


















































Figure 11. Spectra of a Nylon 6,6 fiber. The spectrum shows the peaks from 4000 cm-1 to 650 
cm-1 with the peaks labeled.  
 
As indicated in the spectra, the major absorption peaks for Nylon 6 occur at 3293.9 cm-1 (amide 
groups), 2930.4 cm-1 and 2855.8 cm-1 (alkanes) , 1631.1 cm-1 (carbonyl), 1534.2 cm-1 (N-H 
bending), and an unlabeled peak around 1250 cm-1 (C-O bonds). As for the spectra of Nylon 6,6, 
the major absorption peaks occur at 3293.9 cm-1, 2930.4 cm-1, 2857.7 cm-1, 1629.2 cm-1, 1528.6 
cm-1, and an unlabeled peak around 1250 cm-1. Overall, the spectra are very similar, but one way 
to tell the difference between Nylon 6 and Nylon 6,6 is a sharp peak around 930 cm-1 that Nylon 
6,6 has.  
Acrylic: 












































is any long-chain synthetic polymer composed of at least 85 percent by weight of acrylonitrile 
units" (Joseph, 1972, p. 115-116). 
Acrylic fibers are formed due to addition polymerization of acrylonitrile, which is when 
monomers are added together due to loss of bonds, but no atoms are lost. Specifically, 
acrylonitrile, the monomer, is made by the reaction of propene with a mixture of ammonia and 
oxygen passed over a mixture of bismuth (III) oxide and molybdenum (VI) oxide. The polymer 
is then made due to addition polymerization, began by a peroxide 
(Poly(propenonitrile)(Polyacrylonitrile), 2013). The double bond has to be broken between the 
carbons with hydrogens attached to them. The structure of polyacrylonitrile is shown in Figure 
12 below.  
 
Figure 12. The structure of polyacrylonitrile. 
Acrylics are manufactured in two different ways, which are wet spinning and dry spinning. In 
wet spinning, the polymer is forced into a bath and then dried. In dry spinning, the polymers that 
originally get dissolved in a solvent such as dimethyl formamide are forced into warm air 
(Acrylic Fibres, n.d.). Uses of acrylics include blankets and floor coverings. What makes acrylics 
appropriate for these things are its weight and the fact that acrylics are easy to maintain.  
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Orlon, which is manufactured by Du Pont, used to be manufactured from just acrylonitrile, but 
now it is composed of acrylonitrile with a small amount of an unknown component. This 
unknown component has been proven to differentiate between various Orlon fibers (Joseph, 
1972, p. 116). Creslan used to be manufactured by the American Cyanamid Company, but they 
ceased production of Creslan in 2003. According to Joseph (1972), Creslan was believed to be a 
copolymer of acrylonitrile and acrylamide.  
There is another major class of acrylics called modacrylics. Modacrylics, according to the 
TFPIA, are manufactured fibers that have between 35% and 85% acrylonitrile units by weight. 
Modacrylics in general are made by addition polymerization of acrylonitrile and another 
monomer. An example of a viable ingredient with acrylonitrile is vinyl chloride. Because 
acrylonitrile and vinyl chloride both have double bonds, they can easily polymerize together. The 
manufacturing process is as follows: the two monomers are put into an autoclave where the 
mixture becomes a white powder. Then, the powder is dissolved in acetone, filtered to get rid of 
the impurities, and put into a water bath. After the polymer is spun, the polymer is stretched and 
heated.  
Modacrylics have three important trade names: SEF, Dynel, and Verel. They are all white fibers 
with their own slight color tones. Modacrylics have very good resistance to chemicals and have 
very similar densities. They have very good resilience. Uses of modacrylics include blankets, 
industrial materials, and curtains. SEF has the best elongation %, then Dynel, then Verel. SEF 
and Verel are not very strong though (Joseph, 1972).  















































Figure 13. Spectrum of a Creslan 61 acrylic fiber. The spectrum shows the peaks from 650 cm-1 









Figure 14. Spectrum of an Orlon 75 acrylic fiber. The spectrum shows the peaks from 650 cm-1 















































Figure 15. Spectrum of a modacrylic fiber. The spectrum shows the infrared peaks from 650 cm-1 
to 4000 cm-1 with the peaks labeled. 
The major absorption peaks that all of the acrylic spectra have are peaks around 2240 cm-1(nitrile 
groups) and 2925 cm-1(C-H stretching). The only major difference between Creslan 61 and Orlon 
75 is a more intense hump-like shape between 1500 cm-1 and 1730 cm-1 that Creslan 61 has 
compared to that from Orlon 75. The modacrylic fiber is different from Creslan 61 and Orlon 75 
due to it having a major absorption peak at 1653 cm-1 whereas Creslan 61 and Orlon 75 have one 
at 1730 cm-1.  
Rayon: 
The TFPIA's definition of rayon is "a manufactured fiber composed of regenerated cellulose, as 
well as manufactured fibers composed of regenerated cellulose in which substituents have 
replaced not more than 15 percent of the hydrogens of the hydroxyl groups" (Joseph, 1972, p. 
73). 
2956.5 cm-1








































Viscose rayon is made from putting cellulose in a sodium hydroxide solution until the cellulose 
is converted all the way to an alkali cellulose by using a shredding machine. The alkali cellulose 
is then treated with carbon disulfide, which turns the white crumbs to an orange sodium cellulose 
xanthate. Upon further reaction with dilute sulfuric acid, the solution becomes cellulose, or a 
viscose rayon. The name of this rayon is called viscose because of the resulting solution is very 
viscous. The structure of viscose is shown in Figure 16 below: 
 
Figure 16. The structure of viscose 
Cuprammonium rayon is another subclass of rayon that is made differently from viscose rayon. 
To make this fiber, the cellulose is dissolved in a mixture of ammonia, copper sulfate, and 
sodium hydroxide. The solution turns blue upon mixing. The solution goes through a spinnerette 
while water is running, which provides the elongation for the fiber. The fiber is then put in an 
acid bath, rinsed, and then twisted to form the yarns. The structure of cuprammonium rayon is 




Figure 17. The structure of cuprammonium rayon. 
Spectral properties of Rayons: 
The spectrum of a viscose rayon fiber is shown in Figure 18 below: 
 
Figure 18. Spectrum of a viscose rayon fiber. The spectrum shows the infrared peaks from 650 
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Olefins, by definition, according to the TFPIA, contain at least 85% of ethylene, propylene, or 
any other olefin unit by weight (Joseph, 1972, p. 129). Because of this definition, the 
manufacturing process can be more flexible because olefins can be manufactured from any 
alkene there is. The most common alkenes used today, as the names imply, ethylene and 
propylene. The structures of polyethylene and polypropylene are shown in Figures 19 and 20 
respectively as follows:  
 
Figure 19. The structure of polyethylene. 
 






Polyethylene is made using two different pressures: a high pressure method and a low pressure 
method. The high pressure method requires higher pressure and a higher temperature with 
polymerization of ethylene gas (200⁰C) to be used than the low pressure method (55-65⁰C) 
(Joseph, 1972, p. 129). The low pressure method utilizes a catalyst and a hydrocarbon, making 
the entire low pressure method less expensive to use. The fibers are formed by melt spinning the 
polymer and then cold-drawing it.  
Polypropylene (PP): 
Polypropylene production requires polymerization of propane gas. The best form of 
polypropylene is the isotactic form (the methyl groups are all on the same side of the backbone 
carbon chain). Specialized catalysts are needed to make this type of polypropylene. Not only can 
these catalysts be used, a unique melt spinning process is used by irradiation using an electron 
beam.  
Olefins that are made from the low pressure manufacturing method are stronger than those made 
from the high pressure method. They have all kinds of lusters, with some fibers being bright and 
others being dull. They have excellent resistance to chemicals, but they can decompose when 
exposed to sunlight for too long. Common uses of olefins include carpeting, fabrics, and clothing 
(Joseph, 1972). 
The spectrum of polypropylene is shown in Figure 21 below. 
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Spectral Properties of Olefins:  
 
Figure 21. The spectrum of a polypropylene fiber. The spectrum shows the infrared peaks from 
650 cm-1 to 4000 cm-1 with the peaks labeled. 
 
Other Properties of Synthetic Fibers: 
Melting points have also proven to be an acceptable means of fiber identification (Kubokawa & 
Hatakeyama, 2002). Identification of polyesters is not limited to forensic purposes. A major 
difference between PET and PTT is that PET is much more stain resistant than PTT (Comparing 
Carpet Fibers, 2018). Not only that, PET is more flame-resistant due to its higher melting point 
(Johnston, 2008). Specifically, the melting points of PET and PTT are 254⁰C and 230⁰C, 
respectively (Polytrimethylene Terephthalate PTT, 2015). These are important features to 
investigate because, for example, if there were a fire, the fiber can be determined from their 
melting points. The problem with melting points is this: fibers have their original melting points. 

































had recrystallized. Therefore, one would have to know the melting point of the crystalline 
materials to have a chance of being able to identify the fiber. Fibers in general, including PET 
and PTT, can also be differentiated based on their densities. This can be great complimentary 
tests to using a PLM and an infrared spectrometer. The densities and melting points can be found 
in Tables 1 and 2, respectively. 
Fiber Density (g/cm3) 
1Olefin (PE) 0.85 
2Olefin (PP) 0.905 
1Nylon 6 1.08 
1Nylon 6,6 1.08 
3PET* 1.38 
4PTT 1.33 
Table 1. The densities of commonly encountered fibers. Note: For PET, the density given in 
Plastic Products Inc. (n.d.) was 0.0499 lbs/in3, which was converted to 1.38 g/cm3.  
 
 
1 Polymer Properties Database (2015) 
2 Hindle, C. (2017) 
3 Plastic Products, Inc. (n.d.). 
4 Brown, H.S., Casey, P.K., & Donahue, M.J. (n.d.) 
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Flurofibre (Teflon TFE) Decomposes 
Fluorofibre (Teflon FEP) 285 
Glass N/A 
Modacrylic (Dynel) 175-190 
Modacrylic (Verel) 192-210 
Novoloid N/A 
Nylon 6 210-230 
Nylon 6,6 250-264 
Nylon 11 182-186 
Nylon (Qiana) 270 
Nytril 218 
Olefin (PE) 133-138 
Olefin (PP) 160-175 
Polyester (PCDT) 282-290 








Vinyon (PVC) 180-212 
Vinyon (PVC/PVAC) 125-150 
Table 2. The melting points for commonly encountered fibers (Saferstein, 2005). Note: The 















Materials and Methods: 
 The PET, Nylon 6,6, viscose rayon, acrylic, and polypropylene that were analyzed for 
this thesis came from Testfabrics®. Nylon 6 and PTT, however, came from Mohawk Carpets 
Inc.™. The initial stages of the work to demonstrate the old method using PTT were executed 
using a Leica DM 750P™ polarized light microscope, and the experimental validation was 
executed using an Olympus BX-41™ polarized light microscope. Both polarized light 
microscopes were equipped with rotating stages. The refractive index mounting media were 
obtained from Cargille® (Cedar Grove, NJ). The infrared spectra shown in the introduction were 
collected using a Smiths Detection Identifier™ FTIR spectrometer with a diamond ATR 
accessory. 
 
The Improved Method for Forensic Fiber Identification: 
 An improved method for identification of synthetic fibers was developed since fibers 
have two principal refractive indices and thus behave optically as uniaxial crystals relative to the 
fiber axis. The virtue of this method is that when the fiber is examined in plain polarized light, 
the refractive index is a function of the angle of rotation between the fiber axis and the electric 
field vector. By mounting the fiber in a refractive index fluid, with the refractive index of the 
fluid being between the two principal refractive indices of the fiber, there will be a unique angle 
of rotation at which the refractive index of the fiber is the same as the refractive index of the 
fluid. This angle is calculated theoretically. A graphical representation of an ellipse is shown in 




Figure 22. A figure of an ellipse showing the x and y coordinate planes.  
The derivation of the formula for calculating the angle of match point is shown as follows:  
If a = nparallel, b = nperpendicular, and r = noil, then 
1)    (x2/a2) + (y2/b2) = 1         
If x = rcos θ, y = rsin θ, then                  
2)    (r2cos2θ/a2) + (r2 sin2θ/b2) = 1 
3)    b2r2cos2θ + a2r2sin2θ = a2b2 
4)    b2r2cos2θ + a2r2(1- cos2θ) = a2b2  




6)    cos2θ (b2r2 - a2r2) = a2b2 - a2r2 
7)    cos2θ = (a2b2 - a2r2)/(b2r2 - a2r2) 
8)    cosθ = [(a2b2 - a2r2)/(b2r2 - a2r2)]0.5 
9) cosθ = [(nparallel2nperpendicular2 - nparallel2r2)/(nperpendicular2r2 - nparallel2r2)]0.5 
where r is the refractive index of the liquid, θ is the angle, nparallel is the refractive index of the 
fiber when the polarization direction is parallel to the fiber axis, and nperpendicular is the refractive 
index of the fiber when the polarization direction is perpendicular to the fiber axis. In a uniaxial 
crystal, nparallel and nperpendicular are also known as ɛ and ω, respectively.  
The theoretical values are calculated based on the average refractive indices of ɛ and ω from 












ɛ  ω 
 








1.471 1.470 0.001 1.470 Triacetate 90 
1.472 1.472 0 1.473 Nytril N/A 
1.477 1.475 0.002 1.476 Acetate 45 
1.525 1.494 0.031 1.500 Olefin (PP) 63.58 
1.553 1.507 0.046 1.540 Nylon 11 31.57 
1.548 1.511 
0.037 
1.540 Rayon (High 
Tenacity Viscose) 27.25 
1.549 1.512 0.037 1.540 Rayon (Modal) 29.07 
1.544 1.514 0.03 1.540 Nylon (Qiana) 21.09 
1.544 1.516 0.028 1.540 Vinal 21.87 
1.570 1.520 0.05 1.540 Nylon (Vivrelle) 50.06 
1.571 1.520 0.051 1.528 Olefin (PE) 66.17 
1.563 1.521 0.042 1.535 Lyocell 54.2 
1.567 1.521 0.046 1.550 Nylon (Hydrofil) 36.87 
1.576 1.521 0.055 1.550 Nylon 6 42.69 
1.580 1.521 0.059 1.550 Nylon 6,6 44.68 
1.545 1.521 0.024 1.535 Rayon (Viscose) 39.91 





1.532 1.528 0.004 1.535 Modacrylic(Dynel) N/A 
1.534 1.530 0.004 1.535 Vinyon N/A 
1.535 1.530 0.005 1.535 Azlon 0 
1.637 1.538 0.099 1.620 Polyester (PCDT) 23.51 
1.705 1.541 0.164 1.620 Polyester (PET) 43.86 
1.547 1.547 0 1.620 Glass N/A 
1.626 1.566 0.06 1.620 Polyester (PTT) 18.01 
2.200 1.644 0.556 1.700 Aramid (Kevlar) 67.48 
1.649 1.649 0 1.700 Novoloid (Kynol) N/A 
1.850 1.672 0.178 1.700 Aramid (Nomex) 65.04 
Table 3. The calculated theoretical angles for each fiber's respective match point based on the 
refractive indices.  
For five fibers (nytril, dynel, vinyon, glass, and novoloid), the theoretical match point could not 
be calculated because their refractive indices in the parallel and perpendicular positions are 
exactly the same. This would make them isotropic materials. Several fibers were purposely not 
included in Table 3 because although they are birefringent, they have a negative sign of 
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elongation. This would make the calculations for the angle of match point different. The angle of 
each intermediate refractive index would be 90⁰ – θ as a and b are reversed.  
The r term, or n', is calculated using the following formula derived below, assuming that the 
refractive index and angle change as a function of an ellipse: 
10)    (x2/a2) + (y2/b2) = 1                            
If x = rcosθ, y = rsinθ, then 
11)    (r2cos2θ/a2) + (r2sin2θ/b2) = 1 
12)    (cos2θ/a2) + (r2- r2cos2θ/b2) = 1/r2 
13)    (b2cos2θ + a2 (cos2θ+1) + a2)/(a2b2) = 1/r2 
14)    r2 = (a2b2)/(b2cos2θ - a2cos2θ + a2) 
15)    r = [(a2b2)/(b2cos2θ - a2cos2θ + a2)]0.5 
16) n' = [(nparallel2nperpendicular2)/(nperpendicular2cos2θ - nparallel2cos2θ + nparallel2)]0.5 
The theoretical intermediate refractive indices for each individual fiber can be found in the 
Appendices.  
 
The Preferred Practice for differentiating numerous fibers using a PLM: 
A standard operating procedure was developed using the new method. Different mounting media 
was used to see which one would best discriminate amongst the fibers. 1.540 has been 



























































































































































































































































0 Aramid (Nomex) > H H + 0.178 
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Table 4. The discriminating power between fibers with n = 1.570. 








Elongation Birefringence Differeniated 
1.385 1.345 1.560 
Fluorofibre 
(Teflon) > L L + 0.040 * 
1.471 1.470 1.560 Triacetate > L L + 0.001  
1.472 1.472 1.560 Nytril N/A L L 0 0.000  
1.477 1.475 1.560 Acetate > L L + 0.002  
1.525 1.494 1.560 Olefin (PP) > L L + 0.031  
1.553 1.507 1.560 Nylon 11 > L L + 0.046 * 
1.548 1.511 1.560 
Rayon (High 
Tenacity viscose) > L L + 0.037 
 
1.549 1.512 1.560 Rayon (Modal) > L L + 0.037  
1.544 1.514 1.560 Nylon (Qiana) > L L + 0.030  
1.544 1.516 1.560 Vinal > L L + 0.028  
1.515 1.519 1.560 Acrylic > L L - -0.004 ****** 
1.570 1.520 1.560 Nylon (Vivrelle) 26.0 H L + 0.050  
1.571 1.520 1.560 Olefin (PE) 27.1 H L + 0.051  
1.563 1.521 1.560 Lyocell 15.2 H L + 0.042 ****** 
1.567 1.521 1.560 Nylon (Hydrofil) 22.5 H L + 0.046 ****** 
1.576 1.521 1.560 Nylon 6 31.9 H L + 0.055 ****** 
1.580 1.521 1.560 Nylon 6,6 34.8 H L + 0.059 ****** 
1.545 1.521 1.560 Rayon (Viscose) > L L + 0.024 ****** 
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1.564 1.522 1.560 
Rayon 
(Polynosic) 17.6 H L + 0.042 ****** 
1.550 1.524 1.560 
Rayon 
(Cuprammonium) > L L + 0.026 ****** 
1.532 1.528 1.560 
Modacrylic 
(Dynel) > L L + 0.004 
 
1.534 1.530 1.560 Vinyon > L L + 0.004  
1.535 1.531 1.560 Azlon > L L + 0.004  
1.534 1.535 1.560 Modacrylic (SEF) > H L - -0.001  
1.534 1.538 1.560 
Modacrylic 
(Verel) > H L - -0.004 
 
1.637 1.538 1.560 
Polyester 
(PCDT) 60.7 H L + 0.099 ****** 
1.705 1.541 1.560 Polyester (PET) 68.7 H L + 0.164 ****** 
1.547 1.547 1.560 Glass N/A L L 0 0.000 ****** 
1.626 1.566 1.560 Polyester (PTT) > H H + 0.060 ****** 
1.605 1.613 1.560 Saran > H H - -0.008 ****** 
2.200 1.644 1.560 Aramid (Kevlar) > H H + 0.556  
1.649 1.649 1.560 Novoloid (Kynol) N/A H E + 0.000 ****** 
1.850 1.672 1.560 Aramid (Nomex) > H H + 0.178  
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Table 5. The discriminating power between fibers with n = 1.560.  








Elongation Birefringence Differeniated 
1.385 1.345 1.550 
Fluorofibre 
(Teflon) > L L + 0.040 ****** 
1.471 1.470 1.550 Triacetate > L L + 0.001  
1.472 1.472 1.550 Nytril N/A L L 0 0.000 ****** 
1.477 1.475 1.550 Acetate > L L + 0.002 ****** 
1.525 1.494 1.550 Olefin (PP) > L L + 0.031  
1.553 1.507 1.550 Nylon 11 14.5 H L + 0.046 ****** 
1.548 1.511 1.550 
Rayon (High 
Tenacity viscose) > L L + 0.037 
 
1.549 1.512 1.550 Rayon (Modal) > L L + 0.037  
1.544 1.514 1.550 Nylon (Qiana) > L L + 0.030 ****** 
1.544 1.516 1.550 Vinal > L L + 0.028 ****** 
1.515 1.519 1.550 Acrylic > L L - -0.004 ****** 
1.570 1.520 1.550 Nylon (Vivrelle) 38.6 H L + 0.050 ****** 
1.571 1.520 1.550 Olefin (PE) 39.2 H L + 0.051 ****** 
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1.563 1.521 1.550 Lyocell 33.3 H L + 0.042 ****** 
1.567 1.521 1.550 Nylon (Hydrofil) 36.8 H L + 0.046 ****** 
1.576 1.521 1.550 Nylon 6 42.7 H L + 0.055 * 
1.580 1.521 1.550 Nylon 6,6 44.7 H L + 0.059 * 
1.545 1.521 1.550 Rayon (Viscose) > H L + 0.024 ****** 
1.564 1.522 1.550 
Rayon 
(Polynosic) 34.7 H L + 0.042 ****** 
1.550 1.524 1.550 
Rayon 
(Cuprammonium) 0.0 E L + 0.026 ****** 
1.532 1.528 1.550 
Modacrylic 
(Dynel) > L L + 0.004 
 
1.534 1.530 1.550 Vinyon > L L + 0.004  
1.535 1.531 1.550 Azlon > L L + 0.004 ****** 
1.534 1.535 1.550 Modacrylic (SEF) > L L - -0.001  
1.534 1.538 1.550 
Modacrylic 
(Verel) > L L - -0.004 
 
1.637 1.538 1.550 
Polyester 
(PCDT) 68.7 H L + 0.099 ****** 
1.705 1.541 1.550 Polyester (PET) 75.4 H L + 0.164 ****** 
1.547 1.547 1.550 Glass N/A H L + 0.000 ****** 
1.626 1.566 1.550 Polyester (PTT) > H H + 0.060 ****** 
1.605 1.613 1.550 Saran > H H - -0.008 ****** 
2.200 1.644 1.550 Aramid (Kevlar) > H H + 0.556  
1.649 1.649 1.550 Novoloid (Kynol) N/A H H 0 0.000 ****** 
1.850 1.672 1.550 Aramid (Nomex) > H H + 0.178  
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Table 6. The discriminating power between fibers with n = 1.550. 








Elongation Birefringence Differeniated 
1.385 1.345 1.540 
Fluorofibre 
(Teflon) > L L + 0.040 ****** 
1.471 1.470 1.540 Triacetate > L L + 0.001  
1.472 1.472 1.540 Nytril N/A L L 0 0.000 ****** 
1.477 1.475 1.540 Acetate > L L + 0.002  
1.525 1.494 1.540 Olefin (PP) > L L + 0.031  
1.553 1.507 1.540 Nylon 11 31.5 H L + 0.046 ****** 
1.548 1.511 1.540 
Rayon (High 
Tenacity viscose) 27.3 L L + 0.037 
 
1.549 1.512 1.540 Rayon (Modal) 29.1 L L + 0.037  
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1.544 1.514 1.540 Nylon (Qiana) 21.1 L L + 0.030 ****** 
1.544 1.516 1.540 Vinal 21.9 L L + 0.028 ****** 
1.515 1.519 1.540 Acrylic > L L - -0.004  
1.570 1.520 1.540 Nylon (Vivrelle) 50.1 H L + 0.050 ****** 
1.571 1.520 1.540 Olefin (PE) 50.5 H L + 0.051 ****** 
1.563 1.521 1.540 Lyocell 47.1 H L + 0.042 ****** 
1.567 1.521 1.540 Nylon (Hydrofil) 49.4 H L + 0.046 ****** 
1.576 1.521 1.540 Nylon 6 53.3 H L + 0.055 ** 
1.580 1.521 1.540 Nylon 6,6 54.7 H L + 0.059 ** 
1.545 1.521 1.540 Rayon (Viscose) 26.9 H L + 0.024 ****** 
1.564 1.522 1.540 
Rayon 
(Polynosic) 48.5 H L + 0.042 ****** 
1.550 1.524 1.540 
Rayon 
(Cuprammonium) 38.0 H L + 0.026 ****** 
1.532 1.528 1.540 
Modacrylic 
(Dynel) > L L + 0.004 
 
1.534 1.530 1.540 Vinyon > L L + 0.004  
1.535 1.531 1.540 Azlon > L L + 0.004  
1.534 1.535 1.540 Modacrylic (SEF) > L L - -0.001 ****** 
1.534                                                                                                                                                                                                                     1.538 1.540
Modacrylic 
(Verel) > L L - -0.004
 
1.637 1.538 1.540 
Polyester 
(PCDT) 81.4 H L + 0.099 ****** 
1.705 1.541 1.540 Polyester (PET) > H H + 0.164 ****** 
1.547 1.547 1.540 Glass N/A H H + 0.000 ****** 
1.626 1.566 1.540 Polyester (PTT) > H H + 0.060 ****** 
1.605 1.613 1.540 Saran > H H - -0.008 ****** 
2.200 1.644 1.540 Aramid (Kevlar) > H H + 0.556  
1.649 1.649 1.540 Novoloid (Kynol) N/A H H 0 0.000 ****** 
1.850 1.672 1.540 Aramid (Nomex) > H H + 0.178  
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Table 7. The discriminating power between fibers with n = 1.540.  
Using EXCEL, > means that the mounting medium was outside the range of principal refractive 
indices, and N/A means that the material is isotropic. Anything that has six stars indicates that 
the fibers can be differentiated amongst each other based on any of the properties in the table. 
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Anything with one star can only be differentiated within their own group.  
 
Validation of new method: 
Experiments were conducted with respect to calculating the refractive index of PET and PTT as 
the fiber is rotated from 0⁰ (the horizontal fiber axis in the PLM) to 90⁰ (the vertical fiber axis in 
the PLM). The angle was varied from 0⁰ to 90⁰, and the cos2θ term was calculated, which was 
converted to an angle using Equation 9.  
The old method of using multiple fluids to determine the principal refractive indices and the new 
method of rotating the stage was used for several fibers. Times were taken in order to see how 
long it would take to identify a fiber with the old and new methods. Not only that, an 
experimental match point was determined for a particular oil for each fiber. Tables 8-9 show the 
times as well as the deviation of experimental calculated angles.  
Fiber Time for Old Method Time for New Method 
PTT 36 minutes, 31 seconds 2 minutes, 31 seconds 
PET 18 minutes, 24 seconds (for 
one principal refractive index) 
2 minutes, 40 seconds 
Nylon 6,6 37 minutes, 45 seconds 2 minutes, 46 seconds 
Nylon 6 27 minutes, 2 seconds 1 minute, 53 seconds 
Polypropylene 16 minutes, 21 seconds 2 minutes, 20 seconds 
Acrylic 16 minutes, 2 seconds N/A 
Table 8. The times that it took to identify fibers with the old and new methods. 
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The PET, PTT, and Nylon 6 fibers came from different carpets, whereas Acrylic, Polypropylene, 
and Nylon 6,6 came from Testfabrics® (Style #43, Lot #9458). A picture of the Testfabrics® 
Source is shown in Figure 23.  
 
Figure 23. The Testfabrics Inc. source. 
Fiber and Mounting Medium 
Used 
Experimental Angle Theoretical Angle 
PTT, n = 1.604 38º 36.49º 
PET, n = 1.604 48º  49.57º 
Nylon 6,6 n = 1.564 31º 30.66º 
Nylon 6, n = 1.530 67º 65.57º 
Polypropylene, n = 1.512 41º 39.92º 





The data in the above tables demonstrate how much quicker it takes to identify a fiber by simply 
rotating the stage and using one mounting fluid than to repeatedly change the mounting fluid. 
Not only that, they demonstrate how accurate the angle determination is. Only one principal 
refractive index for PET was calculated because the highest available fluid had a refractive index 
of 1.640, and the high principal refractive index of PET is 1.705. For acrylic, it is not possible to 
use the new method because of their low birefringence. Thus, there are a wide range of angles 
for a refractive index.  
Significance of Fiber Evidence: 
A finding becomes more significant when there is less of a certain class of synthetic fiber 
is commercially available. As shown in Figure 24 below, there is about one tenth the supply of 
nylon as there is polyester. This shows that the discovery of a nylon fiber linked to both a victim 
and a suspect becomes more significant than as if it were a polyester fiber.  
 
Figure 24. The total fiber demand from 1980 to 2030. There is a lot more polyester demand than 




Conclusions with respect to each group of fibers: 
Given the optical properties of PET and PTT, these polyester fibers can best be 
differentiated based on their specific refractive indices at the various angles. The best mounting 
medium to use to differentiate PET from PTT is n = 1.640. This is because n’ = 1.640 is not in 
the range of refractive indices for PTT as there will be no angle at which n’ = 1.640 will match 
for a PTT fiber. Specifically, the best angles to use when trying to distinguish these two fibers is 
anywhere from 0⁰ to 40⁰ because there is a larger difference in refractive index within that range 
than the rest of the ellipse. 
The two most common classes of nylon fibers are Nylon 6 and Nylon 6,6. The refractive 
index values can be used to determine nylon classes, but because the refractive indices for the 
subclasses are similar to each other (nparallel and nperpendicular for Nylon 6 are 1.576 and 1.521 
respectively and the nparallel and nperpendicular  for Nylon 6,6 are 1.580 and 1.521 respectively), it is 
necessary to use other data to confirm the analysis. For example, the use of IR spectra, melting 
point, and manufacturing characteristics can be used.  
For the olefins, the best mounting media to use are either n= 1.570 at 85-90 degrees or n= 1.494 
at 0-5 degrees. If the Becke line is very faint in these respective areas, the fiber must be either PE 
or PP.  
For the rayons, it is best to use the mounting medium n= 1.544. If the refractive index of the fiber 
is 1.544 at 90 degrees, it is viscose; cuprammonium would exhibit this property at 35-40 degrees 
in the same oil. 
For the acrylics, it is best to use the IR spectra as Saferstein (2005) only gives refractive index 
values for the generic class of acrylics.  
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Overall, in the case of a general unknown, it is best to start with n = 1.540 because it is the most 
differentiable amongst textile fibers. If nothing can be uniquely identified using this mounting 
medium, it would require remounting the fiber in different oils for the purpose of the high and 
low principal refractive indices. After 1.540, the next best oil to use is 1.550 because Azlon can 
be differentiated between more fibers with 1.550 than 1.540 based on the estimated birefringence 
and relative refractive indices. Not only that, the same number of fibers can be differentiated 
using 1.550 as 1.540. The next oil that is best to use is 1.570 as fibers such as Teflon and viscose 
rayon can be differentiated from a lot of fibers based on the estimated birefringence and the 
relative refractive index values, and only 14 out of 32 fibers can be differentiated using 1.570. If 
1.570 does not provide efficient separation with the fibers in a general unknown, then 1.560 will 
help distinguish fibers such as Nylon 11 from Teflon using the estimated birefringences and the 
relative refractive indices.  
Future Studies with the New Method: 
Given that fibers can be identified much quicker than before, future investigation of the new 
method should be performed with phase contrast microscopy (PCM). This PCM method has 
greater sensitivity and would thus give higher specificity. In the case of PCM, the RI can be 
estimated to the nearest .0001 of a unit instead of .001 of a unit with normal Kohler illumination 







Acrylic Fibres (n.d.). Retrieved from                               
http://www.textileschool.com/articles/87/acrylic-fibres-manmade-artificial-fibres 
Bellis, M. (2016a, August 13). The History of Polyester. Retrieved from 
http://inventors.about.com/od/famousinventions/fl/The-History-of-Polyester.htm 
Bellis, M. (2016b, February 3). Wallace Crothers- History of Nylon. Retrieved from 
http://inventors.about.com/od/nstartinventions/a/nylon.htm 
Brown, H.S., Casey, P.K., & Donahue, M.J. (n.d.). Poly (Trimethylene Terephthalate) polymers 
for fibers. Retrieved from                                                
http://www.technica.net/NF/NF1/eptt.htm  
Chan, C.H., Thomas, S., & Thomas, S. (2012). Poly(trimethylene terephthalate)- The new 
generation of engineering thermoplastic polyester. In Tech,19-50. doi: 
http://dx.doi.org/10.5772/50317 
Coffman, Donald Drake. Polyester Amides. E.I. Du Pont De Nemours & Company, assignee. 
Patent 2,281,415. 28 Apr. 1942. Print. 
Comparing Carpet Fibers (2018). Retrieved from                          
https://shawfloors.com/flooring/how-to/carpet/how-it-s-made/comparing-carpet-fibers 




DeForest, P, Gaensslen, R, & Lee, H.C. (2013). Forensic Science: An Introduction to 
Criminalistics. New Delhi, India: Indo American Books. 
Delly, J.G. (2003). The Michel-Levy Chart Interference Color Chart - Microscopy's Magical 
Color Key. Retrieved from https://www.mccrone.com/mm/the-michel-levy-interference-color-
chart-microscopys-magical-color-key/ 
Fabric Link (2017). Retrieved from                     
http://www.fabriclink.com/university/history.cfm 
Grieve, M.C. (2000). A Survey on the Evidential value of Fibres and on the Interpretation of the 
Findings in Fibre Transfer Cases. Part 1- Fiber Frequencies. Science and Justice,40(3), 189-200. 
Hartshorne, N.H. & Stuart, A. (1970). Crystals and the polarising light microscope. London: 
Edward Arnold Publishers Ltd.  
Hindle, C. (2017). Polypropylene (PP). British Plastics Federation. Retrieved from 
http://www.bpf.co.uk/plastipedia/polymers/PP.aspx 
Hinsley, N. (2015). The History of Polyethylene. Retrieved from 
https://www.globalplasticsheeting.com/our-blog-resource-library/bid/23095/The-History-of-
Polyethylene 
Johnston, M. (2008). PET and PTT, the Newest Addition to the Family of Carpet Fiber. 
Retrieved from                                                                                   
http://usa.beaulieuflooring.com/wp-content/uploads/2014/12/PET-and-PTT-the-newest-addition-
to-the-family-of-carpet-fibers.pdf 
Joseph, M.L. (1972). Introductory textile science. New York: Holt, Reihnart and Winston. 
46 
 
Kelly, C.D., Fellers, T.J., & Davidson, M.W. (2015). Orlon Acrylic Fibers. Retrieved from 
https://micro.magnet.fsu.edu/optics/olympusmicd/galleries/oblique/orlonacrylicfiber.html 
Kubokawa, H. & Hatakeyama, T. (2002). Melting behavior of nylon 6 fiber in textiles. Journal 
of Thermal Analysis and Calorimetry, 70 (3), 723-732. 
Loughborough, Dwight L. Method of Improving the Adhesion of Nylon to Rubber. The B.F. 
Goodrich Company, assignee. Patent 2,349,290. 23 May 1944. Print. 
Man-Made Fibers Continue to Grow (2015). Retrieved from 
http://www.textileworld.com/textile-world/fiber-world/2015/02/man-made-fibers-continue-to-
grow/ 
Mathias, L. (2005). Tacticity. Retrieved from                                                        
http://pslc.ws/macrog/tact.htm 
Matthies, P. & Seydl, W.F. (1986). History and development of Nylon 6. Engineering Plastics, 
p. 39-40. doi: 10.1007/978-94-011-7073-4_4 
Metropolitan Police Forensic Science Laboratory (1978). Biology Methods Manual. 
Commissioner of Police of the Metropolis, London, Section 6, pp. 16-17. 
PET Resin Association (2015). An Introduction to PET. Retrieved from                 
www.petresin.org/news_introtoPET.asp 




Polyester (2013, March 18). Retrieved from 
http://www.essentialchemicalindustry.org/polymers/polyesters.html 
Polymer Properties Database (2015). Retrieved from 
http://polymerdatabase.com/Fibers/Fibers.html 
Poly(propenonitrile)(Polyacrylonitrile), 2013. Retreived from 
http://www.essentialchemicalindustry.org/polymers/polypropenonitrile.html 
Polypropylene- chemical compound (n.d.). Retrieved from 
https://www.britannica.com/science/polypropylene 
Polytrimethylene Terephthalate PTT (2015). Retrieved from          
http://www.swicofil.com/ptt.html 
Saferstein, R. (2005). Forensic Science Handbook Volume II. Upper Saddle River, New Jersey: 
Pearson Education Inc.  
Simmons, C. (2017). Triexta PTT Carpet Fiber. Retrieved from 
https://www.thespruce.com/triexta-ptt-carpet-fiber-2908799 
The Manufacturing Process of Rayon (n.d.). Retrieved from 
http://www.teonline.com/knowledge-centre/manufacturing-process-rayon.html 
What is Polyester- History of Polyester (2015). Retrieved from 
http://www.whatispolyester.com/history.html 





The tables below show the intermediate refractive index values for each subclass of synthetic 
fibers, which were calculated using Equation 16. These values are a function of the principal 
refractive index values and the angles.  
PET 
Fiber npar nperp θ cos
2θ a2 b2 a2b2 Denominator n' 
(PET) 1.705 1.541 0 1 2.907 2.374 6.903 2.3747 1.705 
 1.705 1.541 5 0.9924 2.907 2.374 6.903 2.3787 1.704 
 1.705 1.541 10 0.9698 2.907 2.374 6.903 2.3907 1.699 
 1.705 1.541 15 0.9330 2.907 2.374 6.903 2.4103 1.692 
 1.705 1.541 20 0.8830 2.907 2.374 6.903 2.4370 1.683 
 1.705 1.541 25 0.8214 2.907 2.374 6.903 2.4698 1.672 
 1.705 1.541 30 0.7500 2.907 2.374 6.903 2.5078 1.659 
 1.705 1.541 35 0.6710 2.907 2.374 6.903 2.5498 1.645 
 1.705 1.541 40 0.5868 2.907 2.374 6.903 2.5946 1.631 
 1.705 1.541 45 0.5000 2.907 2.374 6.903 2.6409 1.612 
 1.705 1.541 50 0.4132 2.907 2.374 6.903 2.6871 1.603 
 1.705 1.541 55 0.3290 2.907 2.374 6.903 2.7319 1.590 
 1.705 1.541 60 0.2500 2.907 2.374 6.903 2.7739 1.578 
 1.705 1.541 65 0.1786 2.907 2.374 6.903 2.8819 1.567 
49 
 
 1.705 1.541 70 0.1170 2.907 2.374 6.903 2.8448 1.558 
 1.705 1.541 75 0.0670 2.907 2.374 6.903 2.8714 1.551 
 1.705 1.541 80 0.0302 2.907 2.374 6.903 2.8910 1.545 
 1.705 1.541 85 0.0076 2.907 2.374 6.903 2.9030 1.542 






Fiber npar nperp θ cos
2θ npar
 2 nperp
2 a2b2 Denominator n' 
Polyester 
(PTT) 
1.626 1.566 0 1 2.643876 
 
2.452356 6.483725 2.4524 1.626 
 1.626 1.566 5 0.9924 2.643876 2.452356 6.483725 2.4539 1.625 
 1.626 1.566 10 0.9698 2.643876 2.452356 6.483725 2.4583 1.624 
 1.626 1.566 15 0.9330 2.643876 2.452356 6.483725 2.4655 1.622 
 1.626 1.566 20 0.8830 2.643876 2.452356 6.483725 2.4755 1.618 
 1.626 1.566 25 0.8214 2.643876 2.452356 6.483725 2.4876 1.614 
 1.626 1.566 30 0.7500 2.643876 2.452356 6.483725 2.5015 1.610 
 1.626 1.566 35 0.6710 2.643876 2.452356 6.483725 2.5170 1.605 
 1.626 1.566 40 0.5868 2.643876 2.452356 6.483725 2.5332 1.599 
 1.626 1.566 45 0.5000 2.643876 2.452356 6.483725 2.5499 1.594 
 1.626 1.566 50 0.4132 2.643876 2.452356 6.483725 2.5665 1.589 
 1.626 1.566 55 0.3290 2.643876 2.452356 6.483725 2.5824 1.585 
 1.626 1.566 60 0.2500 2.643876 2.452356 6.483725 2.5973 1.580 
 1.626 1.566 65 0.1786 2.643876 2.452356 6.483725 2.6107 1.576 
 1.626 1.566 70 0.1170 2.643876 2.452356 6.483725 2.6222 1.572 
 1.626 1.566 75 0.0670 2.643876 2.452356 6.483725 2.6315 1.569 
 1.626 1.566 80 0.0302 2.643876 2.452356 6.483725 2.6383 1.568 
 1.626 1.566 85 0.0076 2.643876 2.452356 6.483725 2.6425 1.567 





Fiber npar nperp θ cos
2θ npar
 2 nperp
2 a2b2 Denominator n' 
Nylon 
6 
1.576 1.521 0 1 2.483776 2.313441 5.74607 2.313441 1.576 
 1.576 1.521 5 0.9924 2.483776 2.313441 5.74607 2.314736 1.576 
 1.576 1.521 10 0.9698 2.483776 2.313441 5.74607 2.319778 1.574 
 1.576 1.521 15 0.9330 2.483776 2.313441 5.74607 2.324853 1.572 
 1.576 1.521 20 0.8830 2.483776 2.313441 5.74607 2.333370 1.569 
 1.576 1.521 25 0.8214 2.483776 2.313441 5.74607 2.343862 1.566 
 1.576 1.521 30 0.7500 2.483776 2.313441 5.74607 2.356025 1.562 
 1.576 1.521 35 0.6710 2.483776 2.313441 5.74607 2.369481 1.557 
 1.576 1.521 40 0.5868 2.483776 2.313441 5.74607 2.383823 1.553 
 1.576 1.521 45 0.5000 2.483776 2.313441 5.74607 2.398609 1.548 
 1.576 1.521 50 0.4132 2.483776 2.313441 5.74607 2.413394 1.543 
 1.576 1.521 55 0.3290 2.483776 2.313441 5.74607 2.427736 1.538 
 1.576 1.521 60 0.2500 2.483776 2.313441 5.74607 2.441192 1.534 
 1.576 1.521 65 0.1786 2.483776 2.313441 5.74607 2.453354 1.530 
 1.576 1.521 70 0.1170 2.483776 2.313441 5.74607 2.463847 1.527 
 1.576 1.521 75 0.0670 2.483776 2.313441 5.74607 2.472364 1.525 
 1.576 1.521 80 0.0302 2.483776 2.313441 5.74607 2.479486 1.522 
 1.576 1.521 85 0.0076 2.483776 2.313441 5.74607 2.482481 1.521 





Fiber npar nperp θ cos
2θ npar
 2 nperp
2 a2b2 Denominator n' 
Nylon 
6,6 
1.580 1.521 0 1 2.4964 2.313441 5.77527 2.313441 1.580 
 1.580 1.521 5 0.9924 2.4964 2.313441 5.77527 2.314831 1.580 
 1.580 1.521 10 0.9698 2.4964 2.313441 5.77527 2.318966 1.578 
 1.580 1.521 15 0.9330 2.4964 2.313441 5.77527 2.325699 1.575 
 1.580 1.521 20 0.8830 2.4964 2.313441 5.77527 2.334847 1.572 
 1.580 1.521 25 0.8214 2.4964 2.313441 5.77527 2.346117 1.569 
 1.580 1.521 30 0.7500 2.4964 2.313441 5.77527 2.359181 1.564 
 1.580 1.521 35 0.6710 2.4964 2.313441 5.77527 2.373635 1.559 
 1.580 1.521 40 0.5868 2.4964 2.313441 5.77527 2.389040 1.554 
 1.580 1.521 45 0.5000 2.4964 2.313441 5.77527 2.404921 1.549 
 1.580 1.521 50 0.4132 2.4964 2.313441 5.77527 2.420801 1.5444 
 1.580 1.521 55 0.3290 2.4964 2.313441 5.77527 2.436206 1.539 
 1.580 1.521 60 0.2500 2.4964 2.313441 5.77527 2.450660 1.535 
 1.580 1.521 65 0.1786 2.4964 2.313441 5.77527 2.463724 1.531 
 1.580 1.521 70 0.1170 2.4964 2.313441 5.77527 2.474994 1.527 
 1.580 1.521 75 0.0670 2.4964 2.313441 5.77527 2.484141 1.524 
 1.580 1.521 80 0.0302 2.4964 2.313441 5.77527 2.490875 1.522 
 1.580 1.521 85 0.0076 2.4964 2.313441 5.77527 2.495010 1.521 





Fiber npar nperp θ cos
2θ npar
 2 nperp
2 a2b2 Denominator n' 
PE 1.571 1.520 0 1 2.468041 2.3104 5.702162 2.3014 1.571 
 1.571 1.520 5 0.9924 2.468041 2.3104 5.702162 2.3146 1.570 
 1.571 1.520 10 0.9698 2.468041 2.3104 5.702162 2.3152 1.569 
 1.571 1.520 15 0.9330 2.468041 2.3104 5.702162 2.3209 1.567 
 1.571 1.520 20 0.8830 2.468041 2.3104 5.702162 2.3288 1.565 
 1.571 1.520 25 0.8214 2.468041 2.3104 5.702162 2.3386 1.561 
 1.571 1.520 30 0.7500 2.468041 2.3104 5.702162 2.3498 1.558 
 1.571 1.520 35 0.6710 2.468041 2.3104 5.702162 2.3623 1.554 
 1.571 1.520 40 0.5868 2.468041 2.3104 5.702162 2.3755 1.549 
 1.571 1.520 45 0.5000 2.468041 2.3104 5.702162 2.3892 1.545 
 1.571 1.520 50 0.4132 2.468041 2.3104 5.702162 2.4029 1.540 
 1.571 1.520 55 0.3290 2.468041 2.3104 5.702162 2.4162 1.536 
 1.571 1.520 60 0.2500 2.468041 2.3104 5.702162 2.4286 1.532 
 1.571 1.520 65 0.1786 2.468041 2.3104 5.702162 2.4399 1.529 
 1.571 1.520 70 0.1170 2.468041 2.3104 5.702162 2.4496 1.526 
 1.571 1.520 75 0.0670 2.468041 2.3104 5.702162 2.4575 1.523 
 1.571 1.520 80 0.0302 2.468041 2.3104 5.702162 2.4633 1.521 
 1.571 1.520 85 0.0076 2.468041 2.3104 5.702162 2.4668 1.520 





Fiber npar nperp θ cos
2θ npar
 2 nperp
2 a2b2 Denominator n' 
PP 1.525 1.494 0 1 2.235625 2.232036 5.191 2.232036 1.525 
 1.525 1.494 5 0.9924 2.235625 2.232036 5.191 2.2327 1.525 
 1.525 1.494 10 0.9698 2.235625 2.232036 5.191 2.2349 1.524 
 1.525 1.494 15 0.9330 2.235625 2.232036 5.191 2.2383 1.523 
 1.525 1.494 20 0.8830 2.235625 2.232036 5.191 2.2430 1.521 
 1.525 1.494 25 0.8214 2.235625 2.232036 5.191 2.2488 1.519 
 1.525 1.494 30 0.7500 2.235625 2.232036 5.191 2.2554 1.517 
 1.525 1.494 35 0.6710 2.235625 2.232036 5.191 2.2628 1.515 
 1.525 1.494 40 0.5868 2.235625 2.232036 5.191 2.2707 1.512 
 1.525 1.494 45 0.5000 2.235625 2.232036 5.191 2.2788 1.509 
 1.525 1.494 50 0.4132 2.235625 2.232036 5.191 2.2870 1.507 
 1.525 1.494 55 0.3290 2.235625 2.232036 5.191 2.2948 1.504 
 1.525 1.494 60 0.2500 2.235625 2.232036 5.191 2.3022 1.502 
 1.525 1.494 65 0.1786 2.235625 2.232036 5.191 2.3089 1.499 
 1.525 1.494 70 0.1170 2.235625 2.232036 5.191 2.3147 1.498 
 1.525 1.494 75 0.0670 2.235625 2.232036 5.191 2.3193 1.496 
 1.525 1.494 80 0.0302 2.235625 2.232036 5.191 2.3228 1.495 
 1.525 1.494 85 0.0076 2.235625 2.232036 5.191 2.3249 1.494 





Fiber npar nperp θ cos
2θ npar
 2 nperp
2 a2b2 Denominator n' 
Viscose 1.545 1.520 0 1 2.387025 2.3014 5.515 2.3104 1.545 
 1.545 1.520 5 0.9924 2.387025 2.3014 5.515 2.3110 1.545 
 1.545 1.520 10 0.9698 2.387025 2.3014 5.515 2.3127 1.544 
 1.545 1.520 15 0.9330 2.387025 2.3014 5.515 2.3156 1.543 
 1.545 1.520 20 0.8830 2.387025 2.3014 5.515 2.3193 1.542 
 1.545 1.520 25 0.8214 2.387025 2.3014 5.515 2.3241 1.540 
 1.545 1.520 30 0.7500 2.387025 2.3014 5.515 2.3296 1.539 
 1.545 1.520 35 0.6710 2.387025 2.3014 5.515 2.3356 1.537 
 1.545 1.520 40 0.5868 2.387025 2.3014 5.515 2.3421 1.535 
 1.545 1.520 45 0.5000 2.387025 2.3014 5.515 2.3487 1.532 
 1.545 1.520 50 0.4132 2.387025 2.3014 5.515 2.3553 1.530 
 1.545 1.520 55 0.3290 2.387025 2.3014 5.515 2.3618 1.528 
 1.545 1.520 60 0.2500 2.387025 2.3014 5.515 2.3679 1.526 
 1.545 1.520 65 0.1786 2.387025 2.3014 5.515 2.3733 1.524 
 1.545 1.520 70 0.1170 2.387025 2.3014 5.515 2.3781 1.523 
 1.545 1.520 75 0.0670 2.387025 2.3014 5.515 2.3819 1.522 
 1.545 1.520 80 0.0302 2.387025 2.3014 5.515 2.3847 1.521 
 1.545 1.520 85 0.0076 2.387025 2.3014 5.515 2.3864 1.520 





Fiber npar nperp θ cos
2θ npar
 2 nperp
2 a2b2 Denominator n' 
Cuprammonium 1.555 1.524 0 1 2.418025 2.322576 5.616 2.322576 1.555 
 1.555 1.524 5 0.9924 2.418025 2.322576 5.616 2.3233 1.555 
 1.555 1.524 10 0.9698 2.418025 2.322576 5.616 2.3255 1.554 
 1.555 1.524 15 0.9330 2.418025 2.322576 5.616 2.3290 1.553 
 1.555 1.524 20 0.8830 2.418025 2.322576 5.616 2.3337 1.551 
 1.555 1.524 25 0.8214 2.418025 2.322576 5.616 2.3396 1.549 
 1.555 1.524 30 0.7500 2.418025 2.322576 5.616 2.3464 1.547 
 1.555 1.524 35 0.6710 2.418025 2.322576 5.616 2.3540 1.545 
 1.555 1.524 40 0.5868 2.418025 2.322576 5.616 2.3620 1.542 
 1.555 1.524 45 0.5000 2.418025 2.322576 5.616 2.3703 1.539 
 1.555 1.524 50 0.4132 2.418025 2.322576 5.616 2.3786 1.537 
 1.555 1.524 55 0.3290 2.418025 2.322576 5.616 2.3866 1.534 
 1.555 1.524 60 0.2500 2.418025 2.322576 5.616 2.3942 1.532 
 1.555 1.524 65 0.1786 2.418025 2.322576 5.616 2.4010 1.529 
 1.555 1.524 70 0.1170 2.418025 2.322576 5.616 2.4069 1.528 
 1.555 1.524 75 0.0670 2.418025 2.322576 5.616 2.4116 1.526 
 1.555 1.524 80 0.0302 2.418025 2.322576 5.616 2.4151 1.525 
 1.555 1.524 85 0.0076 2.418025 2.322576 5.616 2.4173 1.524 





Fiber npar nperp θ cos
2θ npar
 2 nperp
2 a2b2 n' 
Acrylic 1.515 1.519 0 1 2.295225 2.307361 5.296 1.515 
 1.515 1.519 5 0.9924 2.295225 2.307361 5.296 1.515 
 1.515 1.519 10 0.9698 2.295225 2.307361 5.296 1.515 
 1.515 1.519 15 0.9330 2.295225 2.307361 5.296 1.515 
 1.515 1.519 20 0.8830 2.295225 2.307361 5.296 1.516 
 1.515 1.519 25 0.8214 2.295225 2.307361 5.296 1.516 
 1.515 1.519 30 0.7500 2.295225 2.307361 5.296 1.516 
 1.515 1.519 35 0.6710 2.295225 2.307361 5.296 1.517 
 1.515 1.519 40 0.5868 2.295225 2.307361 5.296 1.517 
 1.515 1.519 45 0.5000 2.295225 2.307361 5.296 1.517 
 1.515 1.519 50 0.4132 2.295225 2.307361 5.296 1.517 
 1.515 1.519 55 0.3290 2.295225 2.307361 5.296 1.517 
 1.515 1.519 60 0.2500 2.295225 2.307361 5.296 1.518 
 1.515 1.519 65 0.1786 2.295225 2.307361 5.296 1.518 
 1.515 1.519 70 0.1170 2.295225 2.307361 5.296 1.518 
 1.515 1.519 75 0.0670 2.295225 2.307361 5.296 1.519 
 1.515 1.519 80 0.0302 2.295225 2.307361 5.296 1.519 
 1.515 1.519 85 0.0076 2.295225 2.307361 5.296 1.519 
 1.515 1.519 90 0.0000 2.295225 2.307361 5.296 1.519 
 
